Driver-vehicle-roadway interaction model by Jaeger, Mark E.
Scholars' Mine 
Masters Theses Student Theses and Dissertations 
1973 
Driver-vehicle-roadway interaction model 
Mark E. Jaeger 
Follow this and additional works at: https://scholarsmine.mst.edu/masters_theses 
 Part of the Civil Engineering Commons 
Department: 
Recommended Citation 
Jaeger, Mark E., "Driver-vehicle-roadway interaction model" (1973). Masters Theses. 3485. 
https://scholarsmine.mst.edu/masters_theses/3485 
This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This 
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the 




MARK E. JAEGER. 1948-
A THESIS 
Presented to the Faculty of the Graduate School or the 
UNIVERSITY OF MISSOURI-ROLLA 
In Partial Fulfillment of the Requirements for the Degree 









A non-trivial simulation model has been developed 
which combines driver and vehicle dynamics with the road-
way into one system. The model was successfully simulated 
on a portion of an existing roadway with the dynamic 
response and performance of the simulator being subjec-
tively realistic. By implementing the idea of the inter-
action of variables, a much more detailed and representa-
tive response is obtained as compared to previous models 
based solely upon a single-factor-effect approach. 
By analyzing a simulated vehicle's velocity and tra-
jectory, it is felt that an increase in driver "look 
ahead" distance or a decrease in vehicle velocity tends to 
improve simulation responses if a driver is understeering 
excessively; whereas, a decrease in driver "look ahead" 
distance corrects excessive driver oversteering. Moreover, 
the simulation responses seem to indicate that a driver's 
"look ahead" distance is possibly a function of road 
curvature and/or vehicle speed. 
As a result of this research, it is possible to con-
veniently test more complex driver-vehicle models. Also, 
this research allows an analyst to vary dr i ver, vehicle, 
or roadway characteristics and measure the effects in terms 
of vehicle velocity and trajectoryo 
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I. INTRODUCTION 
A. Statement of the Problem 
Most methods of attempting to understand and model 
transportation systems have, in the past, been established 
solely on the single-factor-effect (1). As a result, the 
design of roadway curvature and superelevation rates have 
been based only upon the expected lateral acceleration 
capabilities of the vehicle {2). 
Within the last decade, driver-vehicle and vehicle-
roadway models have been formulated at various levels of 
complexity (3). However, no one to date has developed a 
non-trivial model which combines driver and vehicle 
dynamics with the roadway into one system. 
If such an interaction model were developed, a 
detailed and representative simulation resembling "real 
world" performance could be obtained. This type of model 
would enable an analyst to determine the expected vehicle 
speed at various points along a roadway and the level of 
acceleration and braking required to achieve these speedso 
This type of simulator could then be used as an aid in 
vehicle and roadway design, a tool to study the inter-
action of existing road geometry, and a means to deter-
mine the effects of driver education in the handling of a 
vehicle during emergency maneuvers. By comparing the 
relative effects of these modifications on a vehicle's 
velocity and trajectory, an analyst could decide what 
2 
improvements would be most beneficial without the time and 
expense of making full-scale experimental tests. 
B. Objectives 
The specific aim of this research was to achieve the 
following objectives through the use of the IBM )60 com-
puter at the University of Missouri-Rolla. 
1. Develop a non-trivial driver-vehicle-roadway 
interaction model which can be used on a roadway 
of any length and which permits the testing of 
different driver-vehicle systems with varying 
degrees of complexity. 
2. Simulate the performance of a 1968 Pontiac Cata-
lina on a portion of an existing two-lane high-
way which contains superelevated, reverse circu-
lar curves on steep grades with intermediate tan-
gent distances. 
3. Determine the effects of varying the distance 
ahead of the vehicle where the driver's eyes are 
focused. This driver "look ahead" distance is 
used for the purpose of sensing the forthcoming 
lateral distance which a vehicle will have to 
traverse. 
4. Develop methods of correcting a driver's excessive 
oversteering or understeering performance. 
3 
II. REVIEW OF LITERATURE 
The previously developed vehicle-roadway interaction 
model which is of primary interest was developed at Cornell 
Aeronautical Laboratory (4). In this study the model of 
the vehicle is one of a simple sliding mass and formulated 
on the premise that the simulated vehicle is under the 
control of a "perfect" driver. The mathematical equations 
describing the characteristics of the roadway and vehicle 
are based solely upon the physical geometry of the roadway 
and the cornering, braking, and acceleration character-
istics of the vehicle. 
The above simple sliding mass model does leave some-
thing to be desired. It is felt that it is much better to 
have a more sophisticated model which would include non-
trivial vehicle dynamics. The classic "bicycle" model (6) 
does have this added dimension since it employs such vehi-
cle parameters as vehicle weight, moment of inertia, tire 
coefficient, wheel base, and velocity. Since these par-
ameters are all dependent upon the particular vehicle 
s i mulated, they are usually available from automobile man-
uracturers. 
A model developed at the University of Pennsylvania 
(5) emphasizes the use of feedback control as an essential 
factor in a traffic simulation model. Feedback control 
assumes that dr i vers in a dynamic situation c onstantly 
readjust their operation of a vehicle according to their 
4 
perception of various conditions around them. It was 
therefore necessary to include in this car-following model 
some measure of driver reaction to the dynamic highway 
environment. 
5 
III. DES CRIPTION OF THE MODEL 
The whole system model consists of a description of 
the road and a descri p tion of the driver-vehicle system. 
Essential ties are used to connect the road data with the 
driver-vehicle model. These ties enable the driver-vehicle 
model to respond to inputs which have been determined from 
the road data and vehicle characteristics. These inputs 
consist of the road's sectional coordinates. the cornering. 
braking, and acceleration capabilities of the vehicle. the 
location of curve apexes. the vehicle's sectional veloc-
ity, the lateral distances the vehicle should traverse, 
and the feedback of the vehicle's trajectory. 
A simulation program was developed to describe this 
non-trivial system with a User's Manual provided in 
Appendix B. The program is on file in the Civil Engineer-
ing and Electrical Engineering Departments at the Univer-
sity of Missouri-Rolla, in Rolla, Missouri. 
A. Road Input Data 
The road simulated for this study was a portion of 
u.s. Highway 63 located approximately 20 miles north of 
Rolla, Missouri in Marie's County, one and one-half miles 
south of the Gasconade River Bridge. It is one-half mile 
in length, two lanes in width. and has a 24 foot wide 
pavement surfaced with asphalt. The horizontal and verti-
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in Figure 1. This alignment and corresponding road data 
was obtained from a set of "as built" highway plans. 
All necessary road input data for this simulation 
was also obtained from this set of "as built" highway 
plans. Since this simulation is for the southbound lane, 
all data relates to the characteristics of this lane. 
The center line of the southbound lane was divided 
into equal increments called sections. Each section is 
20 feet long and properly stationed. The first section 
starts at station 0+00 with the last section ending at 
station 26+60. For each section, the required road input 
data is the average radius of curvature, bearing, grade, 
and banking. 
The average radius of curvature for each section of a 
two-lane highway is determined by the equations 
R = R'+w/2 (for curves to the left) ••••••••• (l) 
and R = R'-w/2 (for curves to the right) ••••••• (2) 
where 
7 
R = average radius of curvature for the lane of travel, 
in feet; 
R' = average radius of curvature for the center line of 
the road, in feet; and 
w = lane width, in feet& 
For tangent roadway sections the radius of curvature is 
infinity. Therefore, since the simulation program requires 
that a numArical value be assigned to the average radius 
of curvature for each section, the number 600,000 feet is 
considered to approximate an infinite radius (7). 
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For a section which contains a point of horizontal 
curvature or tangency, the radius of curvature is propor-
tionally adjusted between 600,000 feet (approximating 
infinity) and the given radius of curvature of the circular 
curve in question. This adjustment was approximate since 
extreme accuracy is not required for sectional lengths of 
only 20 feet. 
Bearings are used to indicate the direction of each 
roadway section. Each bearing is denoted by a quadrant 
heading and by the amount of rotation, in radians, from the 
North-South axis. Figure 2 illustrates the relationship 
between direction and the numbering of each quadrant. 
The bearing throughout circular curves are a func-
tion of the chord bearing for each 20 foot arc. For cir-
cular curves it is best to assume that the point of curva-
ture and tangency occur on stations divisible by the sec-
tional length. This assumption avoids needless calcula-
tions which otherwise would contribute very little toward 
a true description of the roadway. Figure 3 illustrates 
the change in bearing from one section to another in a 
circular curve. This change is expressed in the following 
equation as 
8 = /:::,. /k • • • • • • • • • • • • • • • • • • • • • 0 • • ( 3 ) 
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where 
8 = central angle subtended by the length of one 
section, in radians; 
6 = external angle of deflection between tangents, 
in radians; and 
k = number of sections in a curve. 
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Where tangent and circular curve sections meet, the change 
in bearing is one-half the value of Equation 3 (see 
Figure 3). 
The cornering capability of a vehicle is partially a 
function of the average banking of each section. For 
tangent sections of road, the banking is equivalent to the 
crown. For circular curves, the banking is usually speci-
fied on the highway plans with other curve data. However, 
where tangents are connected to circular curves, there is 
an introduction of banking on the tangent before the curve 
is reached and full superelevation is attained some dis-
tance beyond the point of curvature. The "runout" lengths 
recommended by AASHO were used when determining the aver-
age banking of each section in these transition zones (8). 
The average slope of each roadway section is specified 
as a percent grade, using plus for grades ascending forward 
and minus for grades descending. Por vertical curves it 
was felt best to assume that the point of vertical curva-
ture and the point ot vertical tangency occur on stations 
divisible by the sectional length. This approximation 
11 
allows simple grade calculations and does not signi~icantly 
alter the true description of the roadway. The rate o~ 
change in slope of all vertical curves is constant since 
parabolic curves are used to connect highway profile tan-
gents (7). The rate of change o~ grade per section is 
specified as 
r = d(g2-gl)/Lv • • • • • • • • • • • • • • • • • • • (4) 
where 
r = rate of change of grade per seetion, in percent; 
d = length of roadway section, in ~eet; 
gl,g2 = respective grades o~ tangents at the beginning 
and end of a parabolic curve, in percent; 
L = total length o~ vertical curve, in feet. v 
B. Driver-Vehicle Interaction Model 
and 
This model represents the dynamic behavior of a vehi-
cle in lateral motion and incorporates in itself not only 
vehicular dynamics but also driver dynamics. Through 
previous studies this model has been validated, insofar as 
it has the ability to reproduce graphically an emergency 
lane-change maneuver (9). 
The lateral dynamics of a vehicle in this model are 
represented by the transfer function 




Y{i) =actual instantaneous acceleration within 
section i which is perpendicular to the 
vehicle heading at the beginning of section 
i, in feet per second per second; 
o = steering angle of the front wheels with 
respect to the longitudinal axis or the 
vehicle, in radians; 
s = derivative operator with respect to t; 
t = time, in seconds; and 
A0 ,A1 ,B0 ,B1 ,G = vehicle parameters which are a function of 
the vehicle's weight, moment of inertia, 
tire coefficient, wheel base, and velocity. 
The above vehicle parameters can usually be deter-
mined from data supplied by automobile manufacturers. The 
parameters for the 1968 Pontiac-Catalina. are plotted as a 
function of speed in Figure 4 (10). It should be noted 
that A0 and G are the only parameters which do not vary 
with changes in speed. 
The driver dynamics are represented by the feedback 
coefficients c0 , c1 , and c2 ; and by the transfer function 
0 IE = K/ ( s +D) • • • • • • • • • • • • • • • • • • • • • ( 6) 
where 
c0 ,c1 ,c2 = relative weightings respectively applied to 































G = 59.37 (CONSTANT) 
A 0 = 39.13 (CONSTANT) 
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FIGURE 4. RELATION OF VEHICLE PARAMETERS TO VEHI CLE SPEED 
E = error signal, in feet; 
K = combination of driver's internal "gain" with the 
steering ratio of the automobile, in radians per 
reet per second; and 
D = function of the delay in the driver's response, 
in second-1. 
14 
This model hypothesizes that, while steering, a driver 
continually compares his present position on the road with 
his desired position and adjusts the steering wheel to 
steer the car toward the desired position. This activity 
constitutes unity-feedback of position. In addition, the 
driver senses the lateral velocity and acceleration and 
weighs this information relative to the position error in 
deciding how drastic his steering corrections should be. 
Some time does elapse while the driver is responding to 
these inputs, however, arter this delay he accomodates his 
steering wheel movements to observed inputs to get the 
desired output. 
In a previous study an emergency lane-change maneuver 
was used as a reference ror determining suitable driver 
coefficients (10). This maneuver represents a worst-case 
type situation, yet it may be experimentally validated with 
ease. In the above referenced study, emergency lane-
changes were executed at speeds of 30, SO, and 60 miles 
per hour. Longitudinal and lateral displacements were 
recorded for each run and then averaged to establish a 
reference lane-change response for each speedo 
15 
The quality of the driver-vehicle model with a par-
ticular combination of driver coefficients was determined 
by comparing the simulation lane-change response to the 
reference response through a. specified error criteria of 
~ 5%. The driver coefficients which were obtained as soon 
as the error criteria was satisfied are plotted as functions 
of speed in Figure 5. 
The vehicle parameters and driver coefficients which 
were used in this simulation were obtained from Figures 
4 and 5 for velocity increments of five miles per hour. 
Therefore, after each sectional velocity was determined, 
the drive~ coefficients and vehicle parameters for the 
particular section being simulated could be obtained. 
Because the data for driver coefficients is available 
only in the 30-60 miles per hour range, the minimum speed 
permitted in this simulation was 30 miles per hour. Since 
the posted speed limit is 70 miles per hour, the curves in 
Figure 5 were projected to 70 miles per hour so that this 
speed could be mainta i ned as the maximum speed allowed. 
The driver and vehicle transfer functions were com-
bined to form a block diagram shown in Figure 6. In this 
diagram y(i)= actual instantaneous velocity within section 
i, which is perpendicular to the vehicle heading at the be-
ginning of section i, in feet per second; y(i)= actual cumu-
lative distance traversed within section i which is perpen-
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FIGURE 5. RELATION OF DRIVER COEFFICIENTS TO VEHICLE SPEED 
17 
i, in feet; and U = lateral distance which is based upon 
( i ) 
driver "look ahead" distance and used as the input to the 
driver-vehicle model at the beginning of section i, in 
feet. 
The term "look ahead" distance is used to denote the 
distance ahead of the vehicle where the driver's eyes are 
focused for the purpose of sensing the forthcoming lateral 
distance which the vehicle will have to traverse. This 
lateral distance, which is the input for the driver-vehi-
cle model, is for a certain distance ahead of the vehicle 
in order that the driver and vehicle might be given time to 
respond to it. This time lapse in the driver-vehicle 
response to input data is due to the driver's delay re-
sponse, the limitations in the vehicle's cornering capa-
bilities and the delay due to the vehicle's steering ratio. 





• • • • • • • • • • • • • ( 7) 
where s (see Figure 6) may be expressed as 
s = •••••••• 0 • 0 • (8) 
The technique used to solve for Y(i)' Y{i)' and Y(i) is 













FIGURE 6. BLOCK DIAGRAM OF DRIVER-VEHICLE SIMULATION MODEL 
SECTION 
1i --.. -~ 
yi (i) H· I 
SECTION i-1 
FIGURE 7. ADJUSTMENT OF Y(i) AT THE BEGINNING OF SECTION 1 
simulation was 1/lOOth of the time required to travel 
through one section. 
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At the beginning of the first section y( , y , and i) (i) 
.. 
y(i) are all set equal to zero. Since y(i) is the lateral 
distance traversed within section i, y( is set equal to i) 
zero at the beginning of each section. The values of y ( i) 
and y(i) are also adjusted since they must be perpendicular 
to the vehicle's heading at the beginning of each sectiono 
Because there is no component of velocity perpendicular to 
the vehicle's heading, y(i) is set equal to zero at the 
beginning of each section. 
In order to describe the adjustment of y(i) at the 
beginning of each section, a schematic diagram is shown 
in Figure 7. From Figure 7 
----P+yf(i-1)= At(ave)+yi(i) • • • • • • • • • • • • • • .( 9 ) -
where 
p = dummy acceleration variable, in g's; 
.. 
Yr(i-1) = :final acceleration in section i-1 which is per-
pendicular to the vehicle heading at the begin-
ning of section i-1, in feet per second per sec-
ond; 
= initial acceleration in section i which is per-
pendicular to the vehicle heading at the begin-
ning of section i, in feet per second per second; 
and 
20 
At(ave)= (At(i-l)+At(i))/2 • • • • • • • • • • • • • .(10) 
where 
At(i) =actual tangential acceleration for section i, 
in g's. 
If braking occurs in section i, At(i) is negative. In 
Equation 9, y ( and A are known whereas yi(i) is f i-1) t(ave) 
to be determined for use in section i. 
.. 
By adding the rectangular components of P and yf(i-l) 
in a direction parallel and then perpendicular to H , 
( i) 
the results may be expressed as 
and y /32.2 
i ( i) 
where 
= -P sin T +(y COS T )/32.2. • (12) {i) f(i-1) (i) 
H(i) = vehicle heading at the beginning of section i, in 
radians; and 
T (i) = angle between the vehicle headings at the beginning 
of section i-1 and section i, in radians. 
By combining Equations 11 and 12 and solving for Yi(i)' 
the result is 
yi(i)= (y /cosT )-32.2 A ( ) tan T(i)• ••• (13) f(i-1) (i) t ave 
Throughout this simulation, the algebraic sign of 
. . . 
Y(i)' Y(i) andY is positive (+) if the lateral accelera-
tion, velocity or distance traversed is to the left of 
H(i); but negative (-),if to the right of H(i)• 
c. Ties Connecting the Road to the Driver-Vehicle System 
1. Determination of a Road's Sectional Coordinates 
A coordinate system is required for this simulation 
in order to correlate various sections of the road and 
21 
precisely determine the location of the simulated vehicleo 
Therefore. coordinates were determined at the end of each 
section for the center line of the southbound lane. 
All coordinate values were computed from an origin 
fixed by the intersection of the North-South axis and the 
East-West axis. The north and east directions were given 
the positive sign. and the south and west directions were 
given the negative sign. For this simulation, the origin 
was arbitrarily assumed to be located at the beginning of 
the first section. 
Coordinates at the end of each section were obtained 
by respectively adding the latitude and departure of each 
section algebraically to the north and east coordinates at 
the beginning of that sectiono The magnitude of the lat i -
tude for each section is the product of its length by the 
cosine of its bearing. The magnitude of the departure for 
each section is the product of its length by the sine of 
its bearing. 
2. Equations Governing the Interrelationship or the 
Vehicle and the Road 
22 
To perform this simulation, mathematical equations 
were developed to describe the interrelationship between 
the motion of a vehicle and the characteristics or a road. 
These equations are based upon the cornering, braking, and 
acceleration characteristics or a vehicle and the physical 
geometry or the road. 
When a vehicle is traveling through a curve, the 
radial acceleration is determined using the equation 
A ' = ~I ( 15R ) • • • • • • • • • • • • • • • • • • • • • ( 14) 
r 
where 
A' = computed radial acceleration, in g's, where accel-
r 
eration to the left is positive (+) and accelera-
tion to the right, negative (-);and 
v = actual instantaneous velocity, in miles per hour. 
In Figure 8 a cross section is given showing banking 
and the forces acting on a vehicle. Noting that the forces 
are in equilibrium and considering the rectangular compo-
nents parallel to the surface or the road 
w 
U X - COS 
max g 0 
where 
y = W sin y+fN • • • • • • • • • • • • • • (15) 
w = weight o-r vehicle, in po.unds; 
w 
N 
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=maximum allowable cornering capability, in g's; 
= acceleration due to gravity, in g's; 
= angle which the cross sectional surface of the 
road makes with the horizontal, in radians; 
= allowable coefficient of side friction; and 
= normal force, in pounds. 
By putting !'N = f"W cos y in Equation 15 and then divi-
ding by W cos Y, the result is 
umax = tan Y +f • • • • • • • • • • • • • • • • • • • • ( 16 ) 
where 
tan Y = b; and 
b = banking, in feet per foot. 
By substituting b in Equation 16 for tan Y, the re-
sult is 
u = f+b • • • • • • • • • • • • • • • • • • 0 • • (17) 
max 
From Equation 17 it is apparent that the cornering capa-
bility of a vehicle is a function of the amount of banking 
and of the lateral coefficient of friction between the 
tires and road. For the 1968 Pontiac Catalina, the vehi-
cle's maximum coefficient of side friction is approxi-
mately 0.6 g's (11). However, by applying a factor of 
safety of 2.0, the maximum allowable coefficient of side 
friction is 0.3 g's. 
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The acceleration of a vehicle decreases with increas-
ing speed due to engine torque characteristics, gear ratios, 
and aerodynamic drag. Generally, the acceleration is 
greatest at the vehicle's lowest speed and decreases to 
zero at the vehicle's terminal velocity. This analysis 
considers the acceleration-versus-velocity function to be 
linear. The acceleration-versus-velocity curve which was 
used for the 1968 Pontiac Catalina is shown in Figure 9. 
The acceleration characteristics are expressed mathemati-
cally by the equation 
A ' = a- Qv { 18 ) t (max) ~-' . • • • • • • • • • • • • • • • • • • • • 
where 
A't(max) =maximum tangential acceleration on flat grades, 
in g's; and 
a,S =acceleration-speed coefficients. 
For the 1968 Pontiac Catalina, a= 0.5 and f3 = 0.005 
(11). Therefore, the maximum tangential acceleration on a 
flat grade is Oo5 g's and the maximum velocity is 100 miles 
per hour. However, in this simulation velocities greater 
than 70 miles per hour are not permitted since they exceed 
the posted speed limit of the road simulated. 
The braking capability of a vehicle is also influenced 
by velocity. At high speeds, deceleration is much greater 
than at low speeds, due to the aerodynamic drag which 
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increases with the square or velocity. Most drivers, how-
ever, usually brake with a near constant deceleration when 
in a normal driving situation. Therefore, the simulated 
braking characteristics are expressed by the equation 
B' - K_ t (max ) - -~ • • o • • • • • • • . . . . . . . . . . • ( 19) 
where 
B't(max) =maximum allowable tangential deceleration on 
flat grades, in g's; and 
K1 = braking-speed coefficient. 
Many vehicles, including the 1968 Pontiac Catalina, 
are capable of decelerating at 0.6 g's (11). However, by 
applying a factor or safety of 2.0, the maximum allowable 
tangential deceleration on a flat grade is 0.3 g's. Most 
drivers normally do not decelerate at more than 0.3 g's 
since greater deceleration causes discomfort and is dan-
gerous (12). 
Factors of safety were applied to the braking and 
cornering capabilities of the vehicle since the simulated 
driver does not know the precise limitations of his vehicle 
or exactly where to begin braking for each turno A factor 
of safety was not applied to the acceleration capability o~ 
the vehicle in order to simulate the type of driver who, at 
times, might use this capability to its fullest extento 
Thererore, by applying ~actors or safety to the braking 
and cornering capabilities and not to the acceleration 
capability, it was felt that a simulation reflecting the 
behavior of typical drivers was obtained. 
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The grade on which a vehicle travels has a substantial 
effect upon the maximum allowable tangential acceleration. 
By summation of accelerations parallel to the grade of the 
road 
At(max)= A't(max)-gOsin ¢. • • • • • • • • • • • • • • (20) 
where 
A 
t (max) = maximum allowable tangential acceleration, in 
¢ = angle which the road profile makes with the 
horizontal. 
By putting sin ¢~tan ¢(for small ¢)= c in Equation 20, 
the result is 
where 
• • • • • • • • • • • • • • • • • ( 21) 
c = longitudinal slope of a roadway section, in feet 
per foot, where uphill grades are positive (+) 
and downhill grades, negative (-). 
A sim~lar relationship can also be applied to the 
maximum allowable tangential deceleration such that 
B = B' +c t (max ) t (max ) • • • • • • • • • • • • • • • • • ( 2 2 ) 
where 
Bt(max) =maximum allowable tangential deceleration, in 
g's. 
However, Equation 22 was not used since a factor of 
safety of 2.0 was utilized in the determination of B' • 
t(max) 
As noted previously, this factor of safety was applied 
because drivers normally do not decelerate at more than 
0.3 g's due to the uncomfortable effects at higher deceler-
ation. Since the 1968 Pontiac Catalina is capable of decel-
erating at 0.6 g's on flat grades, a descending grade or 
more than 30% is required before a deceleration of 0.3 g's 
can not be maintained (see Equation 22). Therefore, since 
grades exceeding 30% are usually not encountered, Equation 
22 is replaced by 
B t (max ) = B ' t (max ) • • • • • • • • • • • • • • • • • • • ( 2 3) 
For a vehicle in a turn, it is not always possible to 
use the maximum acceleration or maximum braking and still 
keep the vehicle under control. This is because tires are 
only good for a certain amount of force which depends on 
the coefficient of friction. This force can be used in 
acceleration, in braking, in cornering, in combined accel-
eration and cornering, or in combined braking and 
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cornering. Regardless of how the force is divided, the 
sum of the component forces must not be greater than that 
allowed by the coefficient of friction or the vehicle will 
skid., 
Therefore, the amount of acceleration the driver can 
use is limited when the vehicle is in a turn and may be 
expressed as 
Thu~ the act~al maximum allowable tangential acceleration 
or a vehicle when traveling through a curve is given by 
either Equation 21 or 24, whichever gives the smaller value. 
The braking capability of a vehicle is effected in a 
similar way and may be expressed as 
B ( = (u 2-A' 2 )~/Z ••••••••• • • • •• • (25) 
t max) max r 
Consequently, the actual maximum allowable tangential decel-
eration of a vehicle in a turn is computed from Equation 23 
or 25, whichever is less. 
3. Development of Roadwa~ Apex Indicators 
An apex of a turn is defined as a section where the 
combined effect of the banking and the radius of curvature 
produces a critical situation for every vehicle passing 
through it. Apex sections have an actual maximum allowable 
velocity lower than that of the preceding or succeeding 
sections. 
30 
The maximum allowable sectional velocity of a vehicle 
is computed by assuming that the maximum allowable cor-
nering capability is utilized and that there is no tangen-
tial acceleration or braking. Based upon this assumption 
and substituting Equation 14 in Equation 24 or 25, the 
result is 
V'= (15umaxR)l/2 • o • • • • • • • • • • • • • • • • • (26) 
where 
V' = maximum allowable sectional velocity, in milea 
per hour. 
In this simulation, V' is not permitted to exceed the 
posted speed limit. Therefore, the actual maximum allow-
able velocity is computed from Equation 26 or is equal to 
the posted speed limit, whichever is less. 
If the actual maximum allowable velocity decreases 
from one section to another, all of these sections are to 
be labeled as preceding an apex. Should the actual maxi-
mum allowable velocity increase from one section to another 
or remain constant, each of these sections shall be labeled 
as succeeding an apex. 
4. Determination ~r a Vehicle's Sectional Velocities 
Starting with the first section, an initial velocity 
is assumed. For this simulation, the initial velocity was 
40 miles per hour. The actual tangential acceleration is 
then determined using Equation 21, if the vehicle is on a 
tangent section. If the vehicle is in a turn, either 
Equation 21 or 24 is used, whichever gives the smaller 
value. Since each section is only 20 feet long, the tan-
gential acceleration of each section is assumed constant. 
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The final velocity is then computed from a basic kinemati-
cal equation for constant acceleration and is expressed as 
V = (JOA . d+V 2 )1 / 2 (27) f t (max) i • • • • • • • · • • • • • · · · 
where 
Vf = final sectional velocity, in miles per hour; and 
Vi = initial sectional velocity, in miles per hour. 
Equation 27 is used provided Vf is never permitted to 
exceed the posted speed limit. The average sectional 
velocity can now be calculated using the equation 
V = (Vi+Vf)/2 •• • • ave 
where 
• • • • • • • • • • • • • • 
• • ( 28) 
V = average sectional velocity, in miles per hour. 
ave 
The initial velocity of the next succeeding section is then 
set equal to the final velocity obtained from Equation 27. 
This process is repeated for each section until a 
curved section is encountered where the radicand in 
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Equation 24 is not greater than zero. This situation 
occurs whenever the vehicle velocity is higher than that 
allowed by the maximum allowable cornering capability and/ 
or the radius or curvature or that section. Should this 
happen, analysis must be made to determine whether the 
vehicle is proceeding toward, departing rrom, or actually 
at an apex. By analyzing the results or Equation 26 for 
each section, this determination can be made. 
If the radicand in Equation 24 is not greater than 
zero and the vehicle is proceeding toward an apex, the 
velocity of each section between the present vehicle posi-
tion and the Apex is set equal to the posted speed limit. 
The simulation then "jumps" to the apex where Vi is set 
equal to the actual maximum allowable velocity or the apex. 
It is in such an apex that all the available tire forces 
are used to supply the maximum cornering force. Therefore, 
at these points the maximum cornering capability is used, 
there is no tangential acceleration or braking, and Vr is 
set equal to Vi. 
As the vehicle moves away from the apex either the 
banking or the radius or curvature is larger thereby 
increasing the actual maximum allowable velocity of the 
vehicle (see Equation 26). Thus compared to the apex, there 
is leas cornering force required and the remaining tire 
forces are therefore available for braking into the turn or 
accelerating out of the turn. 
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From the apex the simulation program proceeds to 
"accelerate backwards" using the braking characteristics 
of Equation 23 or 25, whichever gives the smaller value. 
If the vehicle is on a tangent section, the actual tangen-
tial deceleration is determined using just Equation 23. 
The initial velocity for each of these sections is deter-
mined using the equation 
( 2 1/2 Vi= V f - 3 0 B t (max ) d ) • • • • • • • • • • • • • • • ( 2 9 ) 
provided Vi is never allowed to exceed the posted speed 
limit. This "backing up" process is continued until a 
place is reached where the newly calculated average veloc-
ities are greater than the previously calculated ones. 
When this occurs, the simulation "jumps" ahead to the apex 
and the vehicle proceeds to accelerate in a normal forward 
fashion. 
If a vehicle is in a "backing up" process and the 
radicand in Equation 25 is not greater than zero, the Vi 
and Vf of the vehicle's sectional position are set equal to 
the actual maximum allowable velocity of this section. The 
average velocity and deceleration of the succeeding section 
are at this point adjusted to account for the change in 
the vi of that section. The "backing up" process is then 
continued in the normal manner. 
In the event that the radicand in Equation 24 is not 
greater than zero and the vehicle is at an apex. the 
Vi and Vf of the apex section are set equal to the actual 
maximum allowable velocity of the apex. The simulated 
vehicle then proceeds to "accelerate backwards" in the 
same manner as described above. 
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If the radicand in Equation 24 is not greater than 
zero and the vehicle is departing from an apex, the V and 
1 
Vf of the vehicle's sectional position are set equal to the 
actual maximum allowable velocity of this sectiono The 
average velocity and tangential acceleration of the pre-
ceding section are at this point adjusted to account for 
the change in the V of that section. The simulated 
f 
vehicle then proceeds to accelerate in a normal forward 
fashion. 
5~ Calculation of Lateral Distances a Vehicle Should 
Traverse 
Through the use of Figure 10, a series of equations 
were developed to determine a vehicle's position error and 
heading, the lateral distance a vehicle should traverse 
within each section, and the lateral distance used as an 
input to the driver-vehicle model for each section. For 
the development of the8e equations, the vehicle in F igure 
10 is assumed to be at the end of section i. 
A vehicle's error in position may be expressed as 
e(i+l) = DI ST(i)-Yf(i) • • • • • • • • • • • • • • • • (30) 
FIGURE 10. ILLUSTRATION OF METHODOLOGY 






= distance between the simulated and desired 
vehicle positions at the beginning or section 
i+l, in reet; 
= lateral distance vehicle should traverse within 
section i, in reet; and 
= total distance traversed within section 1 which 
is perpendicular to the vehicle heading at the 
beginning or section i. 
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A vehicle's heading is determined using the equation 




Yr (1) = final velocity in section i which is perpendicular 
to the vehicle heading at the beginning of section 
i, in feet per second. 
The lateral distance a vehicle should traverse within 




P(i+l) = angle between the vehicle heading at the beginning 
of section i+l and the bearing of section i, in 
radians; and 
J(i+l) is given by 
where 
S(i+l) = perpendicualr distance from the end of section 
i+l to the prolonged bearing of section i, in 
feet; and 
h = tan P x m • • • • • • • • • • • • • • ( 35) (1+1) (1+1) (1+1) 
where 
II'). - (d2-s 2)1/2 •••• • ••••••••••• (36) 
a+l)- (1+1) 
The variable p(i+l) is expressed as 
p( = H( )-BR( ) •••• • • • • • • • • • • • • .(37) i+l) i+l i 
where 
BR = bearing of section 1, in radians. 
(i) 
S(i+l) is calculated by using equations developed from 
the schematic diagrams in Figures 11 and 12. These dia-
grams illustrate the relationships between present and 
future desired vehicle positions and the various possible 
configurations which might occur if the bearing of section 
i is in quadrant number one (north-east quadrant). Figure 
ll(a) illustrates the desired future vehicle position in 
the same quadrant as BR(i) with 
arctan (lnEP (1 +1 ,jlj LAT ( 1+1 )1) < BR (i). For this criteria 




= north-south distance from the end of section 1 
to the end of section i+l, in feet; and 
= east-west distance from the end of section i 
to the end of section i+l, in feet. 
Figure ll(b) also indicates that the desired future vehicle 
position is in the same quadrant as BR(i) but with (I I I ILAT I)> BR Thus 1 under these arctan DEP(i+l) (i+l)- (i)• 
circumstances 
s - (IDEP I X cos BR (1~) (i+l)- (1+1) y 
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cos BR(i) sin BR(i) 
M = s(i+l)/cos BR(i) 
M 
DES I RED FUTURE 
VEHICLE POSITION 
FIGURE 12. DETERMINATION OF S{i+l} WITH BR(i) AND THE 
DESIRED FUTTffiE VEHICLE POSITION IN ADJACENT -QUADRANTS 
If the desired future vehicle position is in a quadrant 
adjacent to the quadrant of BR , as shown in Figures (i) 
12(a) and 12(b) 
s = (IDEP I (i+l) (i+l) X COS BR \ ( i >) 
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+(I LAT ( i+l >I X sin BR \ ( 1 )j • • 0 • 0 • • 0 • • • • • •• {40) 
The correct algebraic sign must be assigned to S(i+l) 
in Equations 38-40, with distances to the lett ot BR , 
( 1) 
positive (+), and distances to the right of BR(i)' negative 
(-). I~ BR(i) is in a quadrant other than quadrant nwnber 
one, Equations 38-40 may still be used since they were 
developed for use in any quadrant. 
The lateral distance which is used for each section as 
an input to the driver-vehicle model may be expressed as 
u(i+l)= ;p (i+L) cos P (i+l) •••••••••••••• (41) 
where 
L = driver "loak ahead" distance, in sections; and 
J' (i+L) is given by 
J' = s' +e -h' • • • • • • • • • • • • (42) (i+L) (i+L) (i+l) (i+L) 
where 
S'(i+L) = perpendicular distance from the end of section 
i+L to the prolonged bearing of section i, in feet; 
42 
and 
h' = tan P x m' (i+L) (i+l} (i+L) • • • • • • • • • • • • • .(43) 
where 
, -(<d L)2 s• 2)1/2 m - x - . o • • • • • • • • • • • (ilJ+) ( i+L) ( i+L) 
With minor aodifications, the relationships between 
present and future desired vehicle positions, illustrated 
in Figures 11 and 12 may also be applied to the derivation 
of the equations used to calculate S' (i+L). 'rhus, it' the 
desired future vehicle position is in the same quadrant 
as BR(i) with arctan (lnEP' (i+L)I!ILAT' (i+L)I)<BR(i), 
s• {i+L)= (ILAT• {i+L)I x sin BR{i~ 
-(I DEP' (i+L)I X cos BR{i)) • 0 •• 0 ••••• 0 0 •• <45) 
where 
LA'r 1 ( i+L) = north-south distance from the end of section 1 
to the end ot' section i+L, in feet; and 
DEP' {i+L) = east-west distance from the end ot' section 1 
to the end of section i+L, in feet. 
s• is expressed aa {i+L) 
4.3 
s• (i+L)= (jnEP• (i+L)I x cos BR(i)) 
-(ILAT'(i+L)j x sin BR(i~ ••••••••••••• (46) 
if the desired :future vehicle position and BR are in the 
. ( 1) 
same quadrant with arctan (11 DEP 1 111 LAT • j)>BR \ (i+L) (i+L) - (i)• 
Should the desired future vehicle position be in a quadrant 
adjacent to the quadrant of nn 
.0 ( 1) 
s• (i+L)• (lnEP' (i+L)/ x eoa BR(i) 
+ (\LAT' (i+L>I X sin BR {i~ • 0 • • 0 • 0 ••••••• (4.7) 
The algebraic sign of S' (i+L) is determi-ned in the same 
manner as it was for S(i+l)• 
6. Sectional Analysis ot Vehicle ~rajectory 
As the vehicle tra•els through each section, a check 
is made to determLne whether the simulated driver is over-
steering or understeering~ I:f the road is curving to the 
left and e(i) is negative; or if the road is curving to the 
right with e(i) positive, the driver is oversteering. Also 
the driver is overateering when the vehicle is not on a 
curve if u{i) is positive with e(i) negative, or if U(i) is 
negative with e(i) positive. For any other situation the 
driver is understeering, unless e(i) = o. 
Since, in this simulation, the road has 12 toot lanes 
and the veh.L.c.le is assumed eight feet wide, the allowable 
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clearance between the side of a vehicle and the edge of its 
lane is two feet. Thus, if the vehicle ever deviates 
from its center of lane more than two feet, remedial action 
must be taken to position the vehicle back within the 
boundaries of its lane. 
If the driver is oversteering and the vehicle deviates 
from its lane more than two feet, the simulation is halted. 
In order to continue the simulation the driver "look ahead" 
distance must be reduced since the driver-vehicle model is 
responding too quickly to the input U • 
( 1) 
If the driver is understeering and the vehicle deviates 
from its lane more than the allowable two feet, either the 
velocity or the vehicle should be reduced or the driver 
"look ahead" distance should be increased. In this simu-
lation program the vehicle velocity is reduced without 
halting the simulation, however, a separate s.imulation may 
be "run" with a greater driver "look ahead" distance if the 
analyst so desires. 
The process of reducing a simulated vehicle's velocity, 
if excessive understeering occurs, is a relatively simple 
procedure. First, the velocity in the section in which the 
excessive understeering occurred is arbitrarily reduced by 
two percent. The simulation progr~ then proceeds to 
"accelerate backwards" using the braking characteristics of 
Equation 23 or 25, whichever gives the smaller value. If 
the vehicle is on a tangent section, the actual tangential 
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deceleration is determined using just Equation 23. The 
initial velocity for each of these sections is determined 
using Equation 29. This "backing up" process is continued 
until a place is reached where the newly calculated average 
velocities are greater than the previously calculated ones. 
At this point the necessary checks are made to insure that 
any acceleration, if it occurs, does not exceed the allow-
able values given in Equations 21 and 24. 
The simulation then "jumps" back to the section where 
the excessive understeering occurred. From this section the 
simulation accelerates forward using the acceleration char-
acteristics of Equation 21 or 24, whichever gives the 
smaller value. If the vehicle is on a tangent section, 
the actual tangential acceleration is determined using just 
Equation 21. The final velocity for each of these sections 
is determined using Equation 27. This acceleration process 
is continued until a place is reached where the newly cal-
culated average velocities are greater than the previously 
calculated ones. At this point the necessary checks are 
made to guarantee that any braking, if it occurs, does not 
exceed the allowable values given in Equations 23 and 25. 
After the above sectional velocities are adjusted, 
the simulation is again resumed. However, the simulation 
resumes where the first section on the road was adjusted. 
If the vehicle should once again deviate too far off its 
lane due to understeering, the above procedure for reducing 
the vehicle's velocity is repeated. 
IV. DISCUSSION OF RESULTS 
A major objective was to implement and exercise a 
driver-vehicle-roadway interaction model and to establish 
some validity of the simulation results. This objective 
has been accomplished, with the dynamic response and per-
formance of the simulator being subjectively realistic as 
shown in Figure 13. The results from this interaction 
model are much more detailed and representative or what 
might actually happen as compared to previously developed 
models. 
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The simulation program was written in such a manner 
that, with minor modifications, other driver-vehicle models 
can be incorporated with the vehicle-roadway portion or 
the model. The ability of this program to accept other 
driver-vehicle models permits an analyst to readily test 
the relative merits or each. 
Figures 13 and 14 show the trajectory of the simulated 
vehicle as the driver "look ahead" distance is varied. By 
using a driver "look ahead" distance or six sections or 120 
feet (see Figure 13), a realistic response is obtained. 
The simulated driver oversteers as he enters the first 
curve, but understeers leaving that curve, thereby prepar-
ing himself to oversteer as curve number two is entered. 
Throughout curve number two the driver oversteers, but 
toward the end of that curve the driver tends to straighten 
the vehicle's path as curve number three is entered. 
SIMULATION 




FIGURE 13. TRAJECTORY OF SIMULATED VEHICLE 
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FIGURE 14. TRAJECTORY OF SIMULATED VEHICLE 
AS A FUNCTION OF DRIVER "LOOK AHEAD" DISTANCE, L = 5 Aim 7 
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Toward the end of curve number three the vehicle begins to 
oscillate about the center of its lane as a tangent section 
is approached. 
In Figure 15 a graph compares the vehicle's velocities 
resulting from different driver "look ahead" distances. 
For a "look ahead" distance of 120 feet, the velocity of 
the simulated vehicle is never less than the maximum 
sectional velocities based solely upon the vehicle's char-
acteristics. Therefore, for this "look ahead" distance, 
the effects of driver dynamics upon the reduction of speed 
is negligible. 
Since a "look ahead" distance of 120 feet provides a 
realistic vehicle trajectory with the maximum velocities 
allowed, it would appear that any other "look ahead" 
distance of any sizeable difference from 120 feet would 
produce less realistic responses. Figures 14 and 15 tend 
to confirm this hypothesis. 
For a "look ahead" distance of 140 feet (see Figure 
14), the driver oversteers too much as soon as the first 
curve is encountered. Since no remedial action is taken 
by the computer, the simulation is halted. For the portion 
of the simulation which did "run", the velocities did not 
differ from those for L = 6. This situation is to be 
expected since the driver tends to oversteer and the veloc-
ities for L = 6 are at their maximum. 
For a "look ahead" distance of 100 feet (see Figure 
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FIGURE 15. VELOCITIES OF SIMULATED VEHICLE 




with the velocities approximately seven miles per hour less 
than those for L = 6. These velocities also have consid-
erable fluctuations due to the driver's constant attempts 
to understeer too much and the computer's remedial action 
to reduce the vehicle's velocity. 
It is important to remember that the results shown in 
Figures 13, 14, and 15 are not necessarily the only results 
one can get. If a different driver-vehicle model is used 
for the same vehicle, one might obtain results which are 
better or worse, depending on the model used. 
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V. CONC LUSIO NS AND RECOMMENDATIONS 
A. Conclusions 
The driver-vehicle-roadway simulator which was devel-
oped performs in a realistic manner on a roadway of any 
length. The model is practical, yet it includes non-
trivial driver-vehicle dynamics, thereby providing detailed 
performance data. 
From the analysis of Figures 13, 14 and 15, the 
following statements can be made. First, reducing vehicle 
velocities does correct excessive understeering problems; 
second, increasing the driver "look ahead" distance also 
improves simulation responses if the driver is constantly 
excessively understeering; and third, decreasing driver 
"look ahead" distance tends to improve the model's perfor-
mance if the driver should excessively oversteer. 
The trajectory of the vehicle for L = 6 is realistic; 
however, a more realistic trajectory might possibly be as 
that shown in Figure 16. The major difference is that in 
Figure 14 the driver consistantly steers the vehicle in 
such a manner as to try and straighten the vehicle's path, 
whereas this is done to a limited extent for L = 6. The 
trajectory in Figure 16 indicates that the driver over-
steers as he passes through each turn. By further analysis 
of the trajectory for L = 6, the sharper the curve the 
greater the driver oversteers. This suggests that perhaps 
"look ahead" dil!ltance l!lhould be made a function of 
SIMULATION 
STARTS HERE P.T.-No. 1 
SIMULATION 
STOPS HERE 
P.T.- No. 2 
. FIGURE 16o IDEALIZED VEHICLE TRAJECTORY 
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curvature; where the sharper the curve, the less the "look 
ahead" distance. 
Another consideration concerning "look ahead" distance 
which should be mentioned is the effect speed might have 
upon its determination. With the data available, no 
hypothesis could at this time be justified. However, if 
"look ahead" distance is a function of speed, it would 
seem as though it might increase as speed increase due to 
the time required to respond to the input U(i)• 
B. Recommendations for Further Research 
A computer program should be developed which would 
rapidly transfer road data from highway plans to the driver-
vehicle-roadway interaction model. It would also be conve-
nient to have the interaction model plot the vehicle's 
simulated trajectory, rather than have this output in tab-
ular form only. 
Field tests should be made to compare actual driver-
vehicle-roadway performance with the interaction model's 
responses. These tests would aid in validating the inter-
action model. Field tests should also be made to deter-
mine a vehicle's trajectory during an emergency lane-change 
maneuver for speeds other than 30, 50, and 60 miles per 
hour. After these field tests are made, a better method 
of determining the driver coefficients could possibly be 
developed. 
Since the smoothness with which the model operates is 
variable, further attention should be devoted to altering 
the integration interval ~t. The integration interval 
finally used should not have any noticeable effect on the 
motion of a vehicle, if it is increased. 
The effect of using sectional lengths less than 20 
feet should be thoroughly studied. Since the driver 
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"look ahead" distance is in sections, more flexibility in 
determining the appropriate "look ahead" distance would be 
achieved if the sectional length is decreased. The 
response of the interaction model may also be more real-
istic if smaller increments of road are analyzed. 
Studies should also be conducted to determine whether 
the driver "look ahead'' distance is in fact a function of 
curvature and/or speed. If driver "look ahead" distance is 
dependent upon these variables, a mathematical relation-
ship could be developed and inserted in the simulation 
program. 
Since this simulation program has the ability to 
accept other driver-vehicle models, more complicated driver-
vehicle models should be tested. With these tests data, 
the analyst could then judge the relative merits of each. 
After the above studies and tests are conducted, the 
effects of making modifications in vehicle design, road 
design and driver education may be analyzed through the 
use of this model. Modifications to the vehicle can be 
implemented by altering the vehicle parameters and ad-
justing the vehicle's acceleration, braking, and cornering 
capabilities; variations in road design can be indicated 
by inserting new road input data; and improved driver 
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The following symbols are used in this paper: 
A' 
r =computed radial acceleration, in g's; 
actual tangential acceleration for section 
i, in g' s; 
At(max) = maximum allowable tangential acceleration, in g's; 
A't(max) = maximum tangential acceleration on rlat 
grades, in g's; 
B 
vehicle parameters which are a runction or 
the vehicle's weight, moment of inertia, 
tire coefficient, wheel base and velocity; 
= element in the ith row and jth column of 
"A" array; 
BR(i) =bearing of section i, in radians; 
t (max) = maximum allowable tangential acceleration, in g's; 
B' t(max) = maximum allowable tangential deceleration 
on flat grades, in g's; 
b = banking, in feet per foot; 
= relative weightings respectively applied to 
lateral position, velocity, and acceler-
ation feedbacks; 
c = longitudinal slope of a roadway section, 
in feet per foot; 
D = function of the delal in the driver's 
response, in second- ; 
DEP' ( i+L) 
DIST(i) 
= east-west distance rrom the end of section 
i-1 to the end of section i, in feet; 
= east-west distance from the end of section 
i to the end of section i+L, in feet; 
= lateral distance vehicle shoul~ traverse 
within section i, in reet; 
d = length of roadway section, in feet; 
= distance between the simulated and desired 
vehicle positions at the beginning of section 
i, in feet; 
f = allowable coefficient of side friction; 
= acceleration due to gravity, in g's; 
= grades of tangents at the beginning and end 
or a parabolic curve, in percent; 
vehicle heading at the beginning of section 




tan p ( i ) x m ( i ) ; 
tan P{i+l)x ill' {i+L); 
s(i)+e{i)-h{i); 
J 1 (1+L) = 81 (J+L)+8 11+1)-h1 (i+L); 
K = combination of a driver's internal "gain" 
with the steering ratio or the automobile, 
in radians per feet per second; 
K1 = braking-speed coefficient; 
k = number of sections in a curve;· 
L = driver "look ahead" distance, in sections; 
LAT(i) 
LAT' (i+L) 
= north-south distance from the end of section 
i-1 to the end of section i, in feet; 
= north-south distance from the end or section i 
to the end of section i+L, in feet; 
= total length of vertical curve, in feet; 
= (d2-s{i)2)1/2; 
m' (i+L) = 
If = 
t< L)2 s• 2)112. ~d X - (i+L) , 
normal force, in pounds; 
n = number of roadway sections in the simulation 
program; 
p = dummy acceleration variable, in g's; 
R = average radius of curvature for the lane of 
travel, in feet; 
R' = average radius of curvature for the center line 
of the road, in feet; 
r = rate of change of grade per section, in percent; 
s ' (i+L) 
perpendicular distance from the end of section i 
to the prolonged bearing of section i-1, in feet; 
= perpendicular distance from the end of section 
i+L to the prolonged bearing of section i, in 
feet; 
s = derivative operator with respect to time; 
t = time, in seconds; 
6t = integration interval, in seconds; 
= lateral distance which is based upon driver 
"look ahead" distance and used as the input 
to the driver-vehicle model at the beginning 
of section i, in feet; 
u = maximum allowable cornering capability, in g's; 
max 
V = actual instantaneous velocity, in miles per hour; 
V' = maximum allowable sectional velocity, in miles 
per hour; 
V = average sectional velocity, in miles per hour; 
ave 
Vf = final sectional velocity, in miles per hour; 
Vi = initial sectional velocity, in miles per hour; 
w = lane width, in feet; 
W = weight of vehicle, in pounds; 
= total distance traversed within section i which 
is perpendicular to the vehicle heading at the 
beg.inning of section i, in feet; 
= final velocity in section i which is perpen-
dicular to the vehicle heading at the beginning 
of section i, in feet per second; 
y(i) = 
. 




actual cumulative distance traversed within 
section i which is perpendicular to the vehicle 
heading at the beginning of section i, in feet; 
actual instantaneous velocity within section i 
which is perpendicular to the vehicle heading 
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at the beginning of section i, in feet per second; 
actual instantaneous acceleration within section i 
which is perpendicular to the vehicle heading at 
the beginning of section i, in feet per second 
per second; 
Yi(i) = initial acceleration in section i which is perpen-dicular to the vehicle heading at the beginning 
a,S 
of section i, in feet per second per second; 
= final acceleration in section i which is perpen-
dicular to the vehicle heading at the beginning 
of section i, in feet per second per second; 
= acceleration-speed coefficients; 
Y = angle which the cross sectional surface of the 
road makes with the horizontal; 
6 = external angle of deflection between tangents of 
circular curve, in radians; 
o = steering angle of the front wheels with respect to 
the longitudinal axis of the vehicle, in radians; 
E = error signal, in feet; 
p(i) = angle between the vehicle heading at the beginning 
of section i and the bearing of section i-1, in 
radians; 
8 = central angle subtended by the length of one 
section, in radians; 
T = angle between the vehicle headings at the begin-
(1) ning of section i-1 and section i, in radians; and 




User's Manual for Simulation Program 
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The simulation model exists as a set or subroutines 
written in Fortran IV for OS/360 Fortran (G). The model 
will accomodate a roadway of any length provided the 
analyst feels the time and expense associated with simula-
ting the model is reasonable. Since digital computer simu-
lation handles elements or a model one after another in 
series, any additional system complexity results in an 
increase in the time required for computation. 
The simulation program is basically written using the 
''event scanning" mode. This mode consists of "jumping the 
clock" only with the occurance or significant events. For 
this simulation, a significant event occurs whenever the 
vehicle travels a distance of one roadway increment. An-
other method of scanning used is "periodic scanning". 
This mode consists of periodically scanning and updating 
a system once for each unit of time. The driver-vehicle 
portion of the model utilizes this mode as a vehicle trav-
els through each section. The output from each section is 
then incorporated into the "event scanning" mode. 
The formulation of the model is greatly aided by the 
construction of a logical flow diagram. Figure 17 pre-
sents such a diagram for the driver-vehicle-roadway inter-
action model. A copy of this program is on file in the 
Civil Engineering and Electrical Engineering Departments. 
The roadway input data is put into the form of a 
n+l-b,--5 array called "A", where n • the number of road-





































FIGURE 17. LOOICAL FLOW CHART FOR INI'ERACTION MODEL 
67 
68 
aij' in the array is assigned a value as shown in Table r, 
where aij = the element in the ith row and jth column of 
the "A" array; i=l, ••• ,n+l; and j=l, ••• ,!). 
Other required input data consists of parameters and 
constants which are listed below: 
NSECT = Number of roadway sections in the simulation 
program; 
NTSECT =Number of roadway sections on data cards; 
SECT = Length of sections into which the roadway is 
divided, in feet; 
MINSPD = Minimum velocity of the vehicle allowed in the 
simulation, in mph; 
MAXSPD = Maximum velocity of the vehicle allowed in the 
simulation, in mph; 
VINITL = Initial velocity of the vehicle (must be greater 
than MINSPD and less than MAXSPD), in mph; 
VELRUD = Percent reduction of vehicle velocity when the 
driver can not negotiate a turn due to under-
steering; 
KAHEAD = Number or roadway sections in the driver "look 
ahead" distance; 
ALLOWD = Distance the vehicle is allowed to deviate from 
its center of lane and yet be considered in its 
lane, in reet; 
DIVISN = Number of increments in the time to travel 
through one roadway section; 
ALPHA = Vehicle acceleration-speed coefficient, in g's; 
BETA = Vehicle acceleration-speed coefficient, in g' s/ 
mph; 
BRAKE = Vehicle braking-speed coeft'icient, in g's; and 
u = Lateral coefficient of friction between the tires 
and road, in g's. 
TABLE I. Assignment of Road Input Data 
to Elements of "A" Array 
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Radius of curvature of section i, in feet 
Angle from North-South axis or section i-1, 
in radians 
Quadrant heading of section i-1 
Banking of section i, in feet per foot 
Grade of section i, in percent 
The above input data is punched on data cards according 
to the format statements in the programo 
The output consists of the above input data, a table 
illustrating road input data as a function of stationing. 
and a detailed vehicle-roadway output table. This latter 
table illustrates the vehicle positiDn and heading, the 
coordinates of the roadway, and the velocity and acceler-
ation of the vehicle. This output table is on the last 
pages of the computer "print out". There is also a large 
amount of miscellaneous output which serves no special 
purpose other than to provide a means for the analyst to 




Technique Used to Solve for y(i)' Y(i)' and Y(i) 
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By expanding Equation 7 , the result is 
• • • • • • • • • (C-1) 
This may be alternatively expressed as 
+ K G A0 E • • • • • • • • • • • • • • • • • • • • • • ( c-2 > 
s. 
Solving t"or y(i) 
s. .. 4. . 3. 
y(i)= KG E-(D+B1 )y(i)+K G A1E-(B0+B1D)y(i)+K G AOE 
-(BOD)y(i) • • • • • • • • • • • • • • • • • • • • • (C-3) 
s. 
By integrating y(i) with respect tot, the result is 
where ~= JF1 dt+Ql(O) 
in which Fl= KG A0 E-(B0 D)y(i); and Ql(O)= initial 
condition of F1 at t = o. 
4· By integrating y( with respect to t, the result is 
i) 
• • • • • • • • • • • • • (C-5) 
in which F2 = K G A1 ~(B0+B1D)y(i)+Q1 ; and Q2 (0) 
= initial condition of F2 at t = o. 
J. 
By integrating y(i) with respect to t 
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y(i)= Q3 • • • • • • • • • • • • • • • • • • • • • • (C-6) 
where Q3= J F 3 dt+Q3 (O) 
in which F3= KG E-(D+B1 )y(i)+Q2 ; and Q)(O)= initial 
condition of F 3 at t = o • 
. . 
By integrating y(i) with respect to t 
• 
y ( i ) = Q4 • • • • • • • • • • • • • • • • • • • • • • ( C-7 ) 
where Q = fF dt+Q 4 4 4(0) 
in which F4= Q3 ; and Q4 (0)= initial condition of 
F4 at t = o. 
By integrating j(i) with respect tot 
• • • • •••••••••••••• o ••• (C-8) 
F5 at t = o. 
Setting t = 0 in the above equations and solving ~or the 
initial conditions of F , F , F , F , and F • Q 
1 2 3 4 5' l(O)' 
Q2(0)' Q3(0)' Q4(0)' and QS(O) equal zero. 





1 lim llt-o 
Ql(t+ llt)-Ql(t) 
llt •••••••••• (C-9) 
in which llt =integration interval, in seconds. , Thus 
By using the above approach to solve for Q2 , Q3 , Q4, and QS 
Q = Q4 (t)+F4x llt; and 4(t+ llt) 
The driver-vehicle model is therefore simulated in 
the following step-by-step manner with Q3= Y(i)' Q4= Y(i)' 
Q.5= y ( i), and ,£ described in Equation 8 • 
• • • • • • • • • • (C-10) 
F1 = KG A E:-(B0D)Q3(). o ••• 0 t 0 • • • • 0 0 • • 0 
F = K G A E:-(B +B D)n +n 2 1 0 1 'q',3 ( t ) 'q',1 ( t +6 t) 0 • • • • • • • • 
• • • • • • 
F 3= G K E:-(D+B )Q +Q 1 3(t) 2(t+6t) • • • • • • • • • • • 
Q, 3 ( t +6 t ) = Q 3 ( t) +F 3x 6 t • • • • • . . . . . . • • • • 
F - n 4- 'q',3(t+6t) ••••• . . . . . . . . . • • • • 
Q4 ( t +6 t ) = Q4 ( t ) + F 4 X 6 t • 
F 5= Q4 ( t + 6t ) • • • • • • 
. . . . . . . . . . . . 
• • • • • • • • • • • • • • 
Q = Q +F X 6t • 
5(t+6t) 5(t) 5 • • • 
• 0 • • • • • • • • • 
237318 
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(C-11) 
(C-13) 
(C-14) 
(C-15) 
(C-16) 
(C-17) 
(C-18) 
(C-19) 
(C-20) 
